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Pd-Ag  alloys  containing  different  amounts  of  Ag  (8,  21  and  34at.%)  were  prepared  in  order  to  evaluate 
their  catalytic  activity  towards  the  ethanol  oxidation  (EOR)  and  oxygen  reduction  (ORR)  reactions.  A 
sequential  electroless  deposition  of  Ag  and  Pd  on  a  stainless  steel  disc,  followed  by  annealing  at  650  C 
under  Ar  stream,  was  used  as  the  alloy  electrode  deposition  process. 

From  half-cell  measurements  in  a  1.0  M  NaOH  electrolyte  at  S20  '  C,  it  was  found  that  alloying  Pd  with 
Ag  leads  to  an  increases  of  the  ORR  and  EOR  kinetics,  relative  to  Pd.  Among  the  alloys  under  study,  the 
21  at.%  Ag  content  alloy  presents  the  highest  catalytic  activity  for  the  EOR  and  the  lowest  Ag  content  alloy 
(8  at.%  Ag)  shows  the  highest  ORR  activity.  Moreover,  it  was  found  that  the  selectivity  of  Pd-Ag  alloys 
towards  ORR  is  sustained  when  ethanol  is  present  in  the  electrolyte. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  new  era  of  research  on  direct  alcohol  fuel  cells  (DAFCs)  is 
emerging  with  the  recent  development  of  alkaline  membranes 
[1],  For  decades,  the  development  of  new  electrode  materials 
for  polymer  electrolyte  membrane  fuel  cells  concerned  almost 
exclusively  the  acid  medium.  However,  since  the  appearance  of 
alkaline  membranes  electrocatalytic  studies,  including  ethanol 
oxidation  reaction  (EOR)  and  oxygen  reduction  reaction  (ORR), 
turned  towards  the  alkaline  medium  [2].  One  of  the  main  advan¬ 
tages  of  alkaline  medium  comes  from  the  fact  that  the  electrode 
reaction  kinetics  in  this  medium  is  higher  than  in  the  acid 
medium,  enabling  the  use  of  Pt-free  catalysts.  Moreover,  the 
alkaline  media  provides  a  less  corrosive  environment  to  the  elec¬ 
trodes. 

Recent  studies  have  shown  that  Pd-based  catalysts  are  very 
attractive  for  both  EOR  [3,4]  and  ORR  [5,6]  in  alkaline  medium,  rep¬ 
resenting  an  important  alternative  to  Pt-based  catalysts  for  direct 
ethanol  alkaline  fuel  cells  (DEAFCs). 

Concerning  the  anode  side  reaction  of  DEAFC,  some  effort  has 
been  devoted  to  employ  Pd-alloys  looking  for  a  synergetic  effect 
between  Pd  and  the  alloying  element.  So  far,  such  an  effect  has  been 
observed  in  the  alkaline  medium  on  Pd-Au  [7],  Pd-Pt  [8],  Pd-Sn 
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[9],  Pd-Pb  [10]  and  Pd-Ni  [11]  alloys.  Recently,  Nguyen  et  al.  [12] 
showed  that  Pd-Ag/C  also  presents  a  good  catalytic  activity  towards 
EOR,  but  the  exact  nominal  composition  of  the  Pd  alloy  was  not 
determined. 

Regarding  the  cathode  side  reaction,  Pd-based  catalysts  have 
shown  a  surprisingly  high  ORR  activity,  particularly  in  the  alka¬ 
line  medium,  with  an  ORR  activity  close  to  that  of  Pt.  The  use  of 
Pd  alloys  catalysts  for  the  ORR  came  out  with  the  first  publication 
by  Savadogo  group  in  2004,  which  addressed  the  Pd-Co  use  in  the 
acid  medium  [13].  Since  then,  a  wide  range  of  Pd  alloys  have  been 
investigated,  although  the  number  of  works  reported  for  the  alka¬ 
line  medium  is  still  very  low,  confined  to  Pd-Ni  [14],  Cu-Pd  [15], 
Fe-Pd  [16]  and  Pd-Sn  [17],  Recently,  it  has  been  shown  that,  in 
this  medium,  the  ORR  activity  of  silver  nanoparticles  coated  with 
Pd  is  improved  by  a  factor  of  two  compared  to  commercial  Pt  [18], 
Although  palladium  and  silver  display  individually  a  high  electro- 
catalytic  activity  towards  the  oxygen  reduction  reaction  (ORR)  in 
the  alkaline  medium,  the  activity  of  Pd-Ag  alloys  towards  ORR  has 
never  been  studied.  Contrasting  to  other  Pd  alloys,  Pd-Ag  alloys  are 
known  to  form  a  homogenous  solid  solution  at  all  compositions, 
which  makes  them  very  attractive. 

In  this  work,  Pd-Ag  alloys  containing  different  amounts  of  Ag 
were  prepared  and  their  intrinsic  catalytic  activities  towards  EOR 
and  ORR  in  alkaline  media  were  evaluated  from  half-cell  measure¬ 
ments.  In  order  to  simplify  the  experimental  procedure,  the  Pd-Ag 
alloys  were  prepared  as  thin  films  deposited  on  a  stainless  steel 
substrate. 


Table  1 

Composition  of  Pd  and  Ag  plating  solutions. 
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Pd-Ag  alloy  (at.%  Ag) 

Ag  plating 

Pd  plating 

Ag+  (mM) 

EDTA (M) 

N2H4  (mM) 

NH40H(M) 

t(min) 

Pd2+  (mM) 

EDTA  (M) 

N2H4  (mM) 

NH40H(M) 

t(min) 

0 

_ 

- 

- 

- 

_ 

28.0 

0.10 

30 

4.0 

210 

8 

3.0 

0.11 

12 

3.5 

60 

30 

180 

21 

6.0 

210 

27 

210 

34 

17.5 

10.0 

210 

27 

180 

100 

3.0 

6.0 

180 

- 

- 

- 

- 

- 

2.  Experimental 

2.1.  Preparation  of  Pd-Ag films 

Pd  alloy  films  were  deposited  on  stainless  steel  discs  (0  =  6  mm, 
AISI  316L)  previously  polished  with  emery  paper  (1000  grade), 
washed  in  a  sonicated  bath  and  annealed  at  600  °C  in  air  for  5h. 
This  procedure  was  important  in  order  to  form  an  oxide  film 
which  works  as  an  intermetallic  diffusion  barrier,  avoiding  the 
formation  of  undesirable  alloy  phases  between  substrate  com¬ 
ponents  (Fe,  Cr  or  Ni)  and  the  Pd  or  Ag  layer  [19,20].  After  this 
procedure  the  substrates  were  submitted  to  sensitizing/activation 
steps  by  successive  dipping  in  SnCl2  ( 1 .0  g  1  1  in  0.20  M  HC1)  and 
PdCl2  (0.1  gQ1  in  0.20  M  HC1)  with  intermediate  de-ionized  water 
rinsing.  This  sequence  was  repeated  four  times.  These  sensibiliza¬ 
tion/activation  steps  were  necessary  to  seed  the  oxidized  stainless 
steel  substrate  with  catalytic  nucleus,  as  it  is  not  catalytic  for  the 
electroless  deposition.  Sequential  metal  plating  was  performed 
on  the  oxidized/sensitized-activated  substrate.  Silver  was  first 
deposited  at  60  °C,  followed  by  palladium  deposition  at  room  tem¬ 
perature.  The  plating  conditions  for  palladium  and  silver  electroless 
deposition  are  given  in  Table  1  [21,22].  For  both  palladium  and  sil¬ 
ver,  the  deposition  was  performed  in  1 0  ml  of  plating  solution  under 
stirring.  After  the  two  layers  deposition,  the  prepared  films  were 
rinsed  with  deionised  water,  dried  in  an  oven  at  40  °C  for  24  h  and 
finally  annealed  in  argon  atmosphere  at  650  °C  for  6h.  This  tem¬ 
perature  is  above  the  Tamman  temperature  for  either  Ag  (344  °C) 
and  Pd  (640  °C),  but  below  Fe2C>3  (780  °C),  therefore  is  sufficiently 
high  to  form  the  Pd-Ag  alloy  on  the  oxidized  substrate. 

2.2.  Electrochemical  and  physical  characterization  of  Pd-Ag  films 

Structural  analysis  of  the  films  was  carried  out  by  X-ray  diffrac¬ 
tion  in  a  PAN'Analytical  X’Pert  Pro  diffractometer,  equipped  with 
a  X’Celerator  detector  and  secondary  monochromator,  using  CuKa 
radiation.  To  increase  the  signal  from  the  films  the  spectra  acquisi¬ 
tion  was  performed  at  a  constant  a>  =  10°  (incident  angle  on  the 
sample)  and  scanning  the  detector  on  26.  The  analyses  of  the 
diffraction  spectra  were  performed  using  the  Rietveld  method  with 
PowderCell  software.  On  the  SEM/EDS  analysis  a  FE1  Quanta  400 
microscope  was  employed.  The  alloy  composition,  obtained  from 
EDS  analysis  was  expressed  in  atomic  percentage  of  silver  and  rep¬ 
resents  an  average  value  from  the  analysis  of  five  different  points 
of  the  surface  sample. 

On  the  EOR  study,  the  voltammetric  experiments  were  per¬ 
formed  by  scanning  the  potential  in  the  anodic  direction  at  a 
scan  rate  of  20mVs-1.  The  electrolyte  aqueous  solutions,  1.0M 
NaOH  +  l.OM  EtOH,  were  deaerated  and  an  oxygen-free  nitrogen 
atmosphere  was  kept  in  the  cell  during  the  measurements.  On  the 
ORR  study,  the  potential  was  scanned  in  the  cathodic  direction, 
at  a  scan  rate  of  5mVs-1  in  a  02 -saturated  1.0  M  NaOH  aqueous 
solution.  The  02  gas  was  bubbled  into  the  cell  for  40  min  to  obtain 
a  02 -saturated  solution  at  atmospheric  pressure.  Electrochemical 
experiments  were  performed  in  one-compartment  cell  with  a  Pt 
flag  and  a  saturated  calomel  electrode  (to  which  the  potential  is 


referred)  as  the  counter  and  reference  electrode,  respectively.  The 
stainless  steel  disk  with  a  Pd-Ag  film  deposited  on  the  top  (geo¬ 
metric  area  of  0.196 cm2)  was  used  as  the  working  electrode.  The 
film  contact  with  the  solution  was  assured  by  the  dipping  technique 
[23],  The  electrode  potential  was  controlled  by  an  Autolab  potentio- 
stat  model  1 00.  All  electrochemical  experiments  were  performed  at 
room  temperature  (20  ±  1  °C).  The  reproducibility  of  the  presented 
data  was  appraised  from  at  least  three  replicas. 

3.  Results  and  discussion 

3.1.  Physical  characterization 

A  typical  XRD  pattern  of  Pd-Ag  film  obtained  before  annealing 
is  shown  in  Fig.  1.  The  diffraction  peaks  of  (1  1  1),  (2  00),  (2  2  0) 
and  (3  1 1)  Pd  planes  appeared  at  20  =  40.18°,  46.80°,  68.35°  and 
82.11°,  respectively,  while  those  of  Ag  appeared  at  26  =  38.1°,  44.4° 
and  64.5°  and  77.4°.  After  annealing,  pure  Pd  and  Ag  phases  dis¬ 
appeared  to  form  a  fee  Pd-Ag  alloy  phase  whose  diffraction  peaks 
appear  between  those  of  Pd  and  Ag.  A  single  phase  was  present 
on  all  samples,  excepting  on  the  alloy  with  the  highest  Ag  con¬ 
tent.  A  detailed  analysis  of  the  X-ray  diffractogram  of  this  sample 
using  Rietveld  refinement  (PowderCell  software)  allowed  conclud¬ 
ing  the  formation  of  a  three  phase  mixture  containing:  (i)  71.3  at.% 
of  Pd0  72Ag0.28 ;  (ii)  22.5  at.%  of  Pd0  47Ag0.53 ;  (iii)  6.2  at.%  of  Pd  (see 
supporting  information).  Taking  into  account  the  above  mentioned 
phases  and  their  respective  atomic  percentage,  an  average  of  32  at.% 
Ag  is  obtained,  close  to  the  average  chemical  composition  provided 
by  the  EDS  analysis,  34  at.%  Ag.  The  EDS  analysis  was  performed  at 
five  different  regions  of  1  mm  x  1  mm  on  the  surface  sample. 


Fig.  1.  X-ray  diffraction  patterns  of  Pd  +  Ag  films  (before  annealing)  and  Pd-Ag  alloys 
films  with  different  Ag  contents. 
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Ag  content  (at.  %) 

Fig.  2.  Lattice  constant  of  Pd-Ag  alloy  vs  Ag  content  (at.%)  in  the  alloy. 


On  changing  the  Pd-Ag  alloy  composition  a  shift  in  the  diffrac¬ 
tion  line  positions  of  the  XRD  pattern  was  observed,  in  accordance 
with  the  change  in  the  lattice  parameter.  This  shift  varies  continu¬ 
ously  from  pure  Ag  to  pure  Pd  (Fig.  2)  as  expected  for  two  metals 
that  are  completely  soluble  in  the  solid  state. 

The  Pd-Ag  alloys  films  were  also  characterized  by  scanning 
electron  microscopy  (SEM),  Fig.  3.  The  SEM  images  show  that  the 
morphology  of  Pd-Ag  alloys  depends  on  the  Ag  content.  On  increas¬ 
ing  the  Ag  content  from  8  at.%  to  34  at.%,  the  morphology  of  the 
deposit  changes  from  a  cluster-like  deposit  comprised  of  small  dis¬ 
crete  particles  to  a  sintering-like  deposit. 

Regarding  the  observed  dependence  of  the  surface  morphology 
on  the  alloys  composition,  it  cannot  be  ruled  out  the  hypothesis 
that  the  different  surface  morphology  could  also  affect,  in  some 
extent,  the  catalytic  activity  of  the  Pd-Ag  alloys  towards  the  EOR 
and  ORR.  In  the  present  work  these  two  effects,  morphology  and 
composition,  cannot  be  unequivocally  separated. 

From  the  cross-section  view,  the  film  appears  dense  and  homo¬ 
geneous  over  the  substrate,  although  some  little  holes  trapped 
along  the  film  appear,  as  predicted  from  the  top  view.  The  alloys 
thickness,  estimated  from  the  cross-sectional  SEM  image  of  replicas 
(films  prepared  in  the  same  experimental  conditions),  was  in  the 
range  of  3-6  p,m.  Due  to  the  low  stability  of  the  electroless  plating 
solutions  it  was  difficult  to  reproduce  the  film  thickness. 


3.2.  Electrochemical  characterization  in  1.0  M  NaOH 

The  cyclic  voltammogram  behavior  of  Pd-Ag  alloys  was  pre¬ 
liminarily  investigated  in  the  1.0  M  NaOH  aqueous  solution.  The 
obtained  voltammograms  are  illustrated  in  Fig.  4a  and,  for  compar¬ 
ison,  the  voltammogram  of  bulk  Pd  is  also  shown.  Comparing  the 
voltammograms  obtained  for  the  various  compositions  of  Pd-Ag, 
it  is  concluded  that  they  broadly  maintain  the  Pd  voltammetric 
features,  i.e.  formation  and  reduction  of  Pd  oxide  and  absorp¬ 
tion/desorption  of  hydrogen.  However,  it  should  be  noted  that  on 
the  richest  Ag  alloy,  no  H  desorption  peak  is  observed  and  a  small 
reduction  peak  located  at  -0.065  V  is  detected.  The  latter  is  ascribed 
to  AgOH  or  Ag20  reduction  which  is  indicative  that  a  small  amount 
of  silver  is  present  on  the  electrode  surface,  probably  due  to  surface 
segregation  phenomena,  a  common  phenomenon  in  alloy  systems 

[24] ,  The  non  detection  of  the  H  desorption  peak  reveals  that  the 
high  Ag  content  alloy  prevents  hydrogen  absorption,  most  likely 
due  to  the  very  low  H  diffusivity  at  such  conditions,  as  predicted  by 
the  effect  of  the  silver  content  on  the  H  diffusivity  in  the  Pd  alloy 

[25] , 

Another  interesting  feature  concerns  the  Pd  oxide  reduction 
peak  potential  which  shifts  towards  more  positive  potentials  as  the 
Ag  content  of  the  alloy  decreases.  This  behavior,  more  evident  when 
the  voltammograms  are  recorded  in  a  narrower  potential  range 
(Fig.  4b),  seems  to  reflect  the  weakness  of  interaction  between  the 
oxygenated  species  (OHads)  and  the  substrate,  indicating  that  the 
alloy  displaying  the  lower  ability  for  the  OH  adsorption  and  oxide 
formation  is  the  lowest  Ag  content  alloy  (8  at.%). 

Making  use  of  the  voltammetric  profile  resemblance  between 
Pd  and  Pd-Ag  alloys  and  the  absence  (or  negligible  amount)  of  Ag 
on  the  surface,  the  electrochemical  active  surface  area  (EASA)  was 
evaluated  using  the  approach  developed  by  Correia  et  al.  [26]  and 
regularly  applied  to  other  Pd  alloys  [27].  This  method  relies  on  the 
evaluation  of  the  charge  consumed  in  the  formation  of  a  PdO  mono- 
layer  which  is  depicted  from  a  plot  that  relates  the  reduction  charge 
of  this  oxide  with  increasing  anodic  inversion  potentials.  The  sur¬ 
face  roughness  obtained  allowed  concluding  that  it  increases  (2.1, 
3.5,  and  5.8)  on  going  from  8%  to  34  at.%  Ag. 

3.3.  Ethanol  oxidation  reaction 

The  linear  voltammograms,  based  on  the  electrochemical  active 
surface  area  (EASA),  of  pure  Pd  and  Pd-Ag  alloys  in  1.0  M 
EtOH  +  l.OM  NaOH  solution,  are  illustrated  in  Fig.  5  and  the  cor- 


8  %  at.  Ag  21  %  at.  Ag  34  %  at.  Ag 


Fig.  3.  SEM  images  of  Pd-Ag  alloy  films  with  different  contents  of  Ag  (8, 21  and  34  at.%  Ag)  and  cross-section  view  of  a  typical  alloy  film  (containing  21  at.%  Ag). 
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Fig.  4.  Cyclic  voltammograms  of  Pd-Ag  alloy  films  (8, 21  and  34  at.%  Ag)  in  1 .0  M  NaOH  solution  in  (a)  a  potential  range  containing  the  H-region  and  (b)  in  a  narrower  potential 
range.  The  current  was  normalized  to  the  geometric  surface  area,  v  =  20  mV  s-1 . 


Table  2 

Voltammetric  parameters  for  the  ethanol  oxidation  on  Pd-Ag  alloys  and  Pd  bulk  in  1 .0  M  NaOH  + 1 .0  M  EtOH. 


Electrocatalyst 

Onset  potential  for  EOR  (mV) 

Potential  at  peak  maximum  (mV) 

Peak  current  density  (mAcnH 

Pd-Ag 

8  at.%  Ag 

=-0.80 

-302 

3.46 

21  at.%  Ag 

=—0.80 

-244 

5.17 

34  at.%  Ag 

=—0.80 

-291 

2.44 

Pd 

-0.70 

-325 

1.12 
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Table  3 

Electrode  kinetics  parameters  for  the  ORR  on  Pd-Ag  alloys  and  Pd  bulk  in  1 .0  M  NaOH. 


Electrocatalyst 

Onset  potential  for  ORR  (mV) 

iat  -0.25  V  (mA cm-2) 

-b  (mV  dec-1) 

High  overpotential 

Low  overpotential 

Pd-Ag  8  at.%  Ag 

-150 

-0.480 

163 

44 

21  at.%  Ag 

-150 

-0.315 

222 

62 

34  at.%  Ag 

-160 

-0.112 

211 

59 

responding  onset  oxidation  potential  (£onset).  peak  current  density 
(/p)  and  peak  potential  (£p)  are  shown  in  Table  2.  To  compare  their 
intrinsic  catalytic  activity  towards  the  EOR  the  current  was  normal¬ 
ized  to  EASA. 

At  the  beginning  of  the  anodic  scan,  a  small  steady  reduction  cur¬ 
rent  is  detected,  most  probably  due  to  residual  oxygen  in  solution. 
This  effect  is  more  evident  on  the  8%  Ag  alloy,  which  as  will  be  seen 
in  Section  3.4,  exhibits  the  highest  ability  for  the  oxygen  reduction 
reaction.  Due  to  this  behavior,  an  accurate  £onset  determination  on 
the  three  Pd-Ag  alloys  is  difficult.  Even  so,  we  can  conclude  that  it 
is  clearly  more  negative  (approximately  100  mV)  than  on  bare  Pd, 
which  is  indicative  that  the  Pd-Ag  alloys  are  more  active  towards 
the  EOR  than  bare  Pd. 

The  voltammograms  displayed  in  Fig.  5  reveal  that  the  catalytic 
activity  towards  EOR  is  sensitive  to  the  Ag  content  of  the  alloy 
and  that  the  Pd-Ag  alloy  containing  21  at.%  Ag  exhibits  the  highest 
activity.  Its  peak  current  density  is  not  much  different  from  the  one 
obtained  on  Pd-Ag/C  [12].  These  preliminary  results  point  out  for  a 
“volcano”  type  relationship  between  the  composition  and  catalytic 
activity  of  Pd-Ag  alloys,  resembling  the  behavior  found  for  Pt-Ru 
[28], 

It  is  interesting  to  note  that  the  peak  potential  also  changes  with 
the  alloy  composition.  The  alloy  displaying  the  more  negative  peak 
potential  is  the  one  that  revealed  the  lowest  ability  for  the  oxide 
formation  (8  at.%  Ag  alloy),  indicating  that  the  peak  profile  in  the 
anodic  scan  cannot  be  solely  rationalized  in  terms  of  blockage  of 
ethanol  adsorption  by  surface  oxides  [29],  but  other(s)  phenomena 
must  be  also  responsible  for  the  surface  blockage  and  consequently 
for  the  current  drop. 

In  order  to  assess  this  hypothesis  and  evaluate  the  cat¬ 
alytic  activity  of  the  Pd-Ag  alloys  in  steady  state  conditions,  the 
current-time  response  was  monitored  during  40  min  after  appli¬ 
cation  of  a  potential  out  of  the  oxide  region  (-0.4  V),  Fig.  6.  The 
obtained  results  support  the  conclusion  that  the  21  at.%  Ag  alloys  is 
the  highest  active  alloy  for  the  EOR.  Moreover,  the  fastest  current 
decay  observed  on  the  8  at.%  Ag  alloy  is  consistent  with  its  surface 


Fig.  5.  Cyclic  voltammograms  in  1 .0  M  NaOH  + 1 .0  M  EtOH  solution  of  Pd-Ag  alloy 
films  (8, 21  and  34  at.%  Ag)  and  Pd  bulk,  v  =  20  mV  s_1 .  The  current  was  normalized 
to  EASA. 


Fig.  6.  Chronoamperometric  curve  for  ethanol  oxidation  at  -0.4  V  on  Pd-Ag  alloys 
(8,  21  and  34  at.%  Ag)  and  Pd  bulk  in  1 .0  M  NaOH  + 1 .0  M  EtOH  solution.  The  current 
was  normalized  to  EASA. 

poisoning,  probably  by  intermediate  species  of  the  EOR.  According 
to  the  literature,  CH3COac]s  intermediate  is  formed  on  the  Pd  catalyst 
in  the  alkaline  medium,  and  its  reaction  with  OHac]s  is  determining 
for  the  rate  reaction  [29].  We  may  then  conclude  that  the  less  rich 
Ag  alloy  exhibits  the  lower  ability  towards  the  EOR  due  to  its  lower 
ability  to  promote  the  OH  adsorption  and  consequently  to  desorb 
intermediate  products  formed  on  the  EOR. 

The  overall  results  point  out  that  the  effect  of  alloying  Ag  atoms 
to  Pd  might  play  a  role  similar  to  that  of  alloying  Ru  atoms  with  Pt, 
providing  oxygen-containing  species  needed  to  oxidize  intermedi¬ 
ate  species,  as  advocated  by  the  so  called  bifunctional  mechanism. 

3.4.  Oxygen  reduction  reaction 

Fig.  7  shows  the  typical  linear  voltammograms  obtained  in 
an  O2 -saturated  1.0  M  NaOH  solution  for  the  different  Pd-Ag 
alloys  and  pure  Pd.  To  compare  their  intrinsic  catalytic  activity 
towards  the  ORR,  the  current  was  normalized  to  EASA.  Contrast- 


Fig.  7.  Linear  voltammograms  for  ORR  on  Pd-Ag  alloys  (8,  21  and  34  at.%  Ag)  and 
Pd  bulk  in  1 .0  M  NaOH  solution,  v  =  5  mV  s  1 .  The  current  was  normalized  to  EASA. 
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Fig.  8.  Tafel  plot  for  the  ORR  on  Pd-Ag  alloys  and  Pdbulkinl.OMNaOH  solution. 

ing  to  Pd  bulk,  the  polarization  curves  of  the  Pd-Ag  alloys  show  a 
mixed  control  over  the  potential  range  cycled,  not  reaching  a  well 
defined  diffusion-limited  current  density.  All  Pd-Ag  alloys  exhibit 
an  enhanced  ORR  activity  compared  to  pure  Pd  or  pure  Ag  (not 
shown).  The  highest  ORR  current  is  observed  for  the  alloy  compo¬ 
sition  of  8  at.%  Ag.  The  highest  activity  of  this  alloy  is  also  confirmed 
from  the  results  depicted  from  the  Tafel  slopes  and  the  ORR  current 
at  a  constant  potential  (Table  3).  Since  the  lowest  Ag  content  alloy 
exhibited  the  lowest  ability  for  the  OH  adsorption  and  oxide  for¬ 
mation,  these  results  may  point  out  that  the  ORR  catalyst  activity  is 
inhibited  by  the  OH  adsorption.  Such  phenomenon  is  in  agreement 
with  the  data  obtained  by  other  authors  [15,27,30]. 

The  current  density  on  the  8  at.%  Ag  content  alloy  at  -0.25  V, 
a  potential  within  the  kinetics  controlled  region  (Table  3),  resem¬ 
bles  the  value  obtained  at  an  equivalent  potential  by  Jiang  et  al.  for 
silver  nanoparticles  coated  with  Pd,  which  were  also  shown  to  be 
highly  active  [18].  Although  silver  has  a  promotion  effect  on  the 
catalytic  activity  of  Pd,  the  maximum  ORR  activity  of  Pd-Ag  alloys 
was  found  at  a  very  low  percentage  of  Ag,  in  contrast  to  other  alloy¬ 
ing  elements  such  as  Co  and  Cu  (40  at.%)  [3 1  ].  A  possible  reason  for 
this  result  comes  from  the  higher  stability  of  the  adsorbed  oxygen 
atom  (resultant  from  O2  splitting)  on  Co  and  Cu,  compared  to  Ag, 
as  predicted  by  the  thermodynamic  data  [32] 

Tafel  plots  for  the  ORR  on  Pd  alloys,  Fig.  8,  reveal  two  Tafel  slopes, 
a  smaller  one  observed  from  -0.15  to  -0.20  V  (low  overpotentials) 
and  a  higher  one  from  -0.20  to  -0.30  V  (high  overpotentials).  Pd 
bulk  also  exhibits  a  transition  from  a  low  Tafel  slope  to  a  higher  one, 
but  in  a  more  cathodic  potential  range.  For  the  Pd-Ag  alloys,  the 
Tafel  slope  on  the  low  overpotential  region  is  close  to  60  mV  dec-1 
(Table  3),  resembling  the  literature  data  for  Pd  and  Pt  [33]  and  Pd 
coated  Ag  nanoparticles  [18].  In  the  high  overpotential  region,  the 
Tafel  slope  on  Pd-Ag  alloys  deviates  from  the  typical  120  mV  dec-1 , 
usually  reported  in  the  literature  for  high  overpotentials  on  Pd 
and  others  Pd  alloys.  This  divergence  may  be  due  to  mass  transfer 
effects  on  the  observed  current  in  that  potential  range.  Indepen¬ 
dently  of  the  potential  region,  the  lowest  Tafel  slope  is  observed  on 
the  8  at.%  Ag  alloy,  which  is  indicative  of  the  better  performance  of 
this  electrocatalyst  on  the  ORR. 

In  order  to  investigate  the  activity  of  the  Pd-Ag  alloys  towards 
ORR  under  ethanol  crossover  conditions,  their  voltammetric  behav¬ 
ior  towards  ORR  in  the  presence  of  ethanol  was  also  investigated, 
Fig.  9.  Contrasting  to  pure  Pd,  the  results  show  a  high  ethanol  tol¬ 
erance,  even  though  an  increase  in  the  overpotential  under  the 
same  current  density  is  observed  in  all  alloys.  For  example,  at 
0.5  mAcm~2,  a  cathodic  shift  of  approximately  25,  75  and  125  mV 
is  observed  on  the  alloys  containing  2 1  %,  8%  and  34  at.%  Ag  respec¬ 
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Fig.  9.  Linear  voltammograms  for  ORR  on  Pd-Ag  alloys  and  Pd  bulk  in  1.0  M 
NaOH  +  O.lM  EtOH  solution  at  room  temperature.  u  =  5mVs~'.  The  current  was 
normalized  to  EASA. 

tively.  The  increase  in  overpotential  is  probably  due  to  ethanol  and 
oxygen  competition  for  adsorption  on  the  same  surface  active  sites. 
This  behavior  is  also  very  similar  with  the  electrochemical  response 
observed  on  Pd  coated  Ag  catalysts  [18]. 

4.  Conclusions 

Pd-Ag  alloys  were  successfully  synthesized  by  means  of  sequen¬ 
tial  Ag  and  Pd  electroless  deposition  on  an  oxidized/activated 
stainless  steel  substrate.  It  was  demonstrated  that  Pd-Ag  alloys 
can  present  a  better  catalytic  activity  towards  the  EOR,  than  Pd 
bulk,  at  room  temperature.  The  highest  catalytic  activity  for  the 
EOR  was  exhibited  by  the  21  at.%  Ag  content  alloy.  The  lowest  Ag 
content  alloy  was  found  to  be  the  most  susceptible  to  surface  poi¬ 
soning  by  adsorbed  intermediates  on  the  EOR.  Such  phenomena 
were  interpreted  on  basis  of  the  bifunctional  mechanism. 

The  Pd-Ag  alloys  under  study,  also  revealed  a  higher  ORR  activ¬ 
ity  at  room  temperature,  compared  to  Pd.  The  maximum  activity  for 
the  ORR  was  observed  at  the  alloy  composition  of  8  at.%  Ag,  which 
can  be  in  part  ascribed  to  the  reduced  OH  coverage  on  this  electrode 
material.  In  the  presence  of  ethanol  all  Pd-Ag  alloys  showed  a  good 
ORR  selectivity  and  activity,  much  superior  to  pure  Pd. 

While  these  studies  revealed  the  promising  potential  of  Pd-Ag 
alloy  to  be  an  effective  catalyst  for  cathode  or  anode  in  ethanol 
direct  fuel  cells  (DEFCs),  its  preparation  as  a  nanomaterial  dispersed 
on  a  carbon  support  remains  a  subject  of  research  in  the  future. 
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